Objective: The family of acyl-CoA synthetase enzymes (ACSL) activates fatty acids within cells to generate long chain fatty acyl CoA (FACoA). The differing metabolic fates of FACoAs such as incorporation into neutral lipids, phospholipids, and oxidation pathways are differentially regulated by the ACSL isoforms. In vitro studies have suggested a role for ACSL5 in triglyceride synthesis; however, we have limited understanding of the in vivo actions of this ACSL isoform. Methods: To elucidate the in vivo actions of ACSL5 we generated a line of mice in which ACSL5 expression was ablated in all tissues (ACSL5
INTRODUCTION
Alterations in fatty acid trafficking and metabolism have been implicated as critical factors in the development of obesity and its associated complications such as non-alcoholic fatty liver disease (NAFLD), and type2 diabetes (T2DM) [1e4] . Central to our understanding of fatty acid trafficking are proteins that determine the metabolic fate of fatty acids. The first step in intracellular metabolism of fatty acids is the addition of a CoA group catalyzed by the actions of long-chain acyl-CoA synthetases (ACSL) [5, 6] . Five related ACSL isoforms have been delineated in rats, mice and humans [5, 7] . It has been hypothesized that the different ACSL isoforms may direct fatty acids to different metabolic fates depending upon the protein's subcellular localization and tissue specific expression [6] . At the present time, we have limited understanding about the relative contributions of acyl CoA synthetase 5 (ACSL5) to in vivo lipid metabolism. ACSL5 has been reported to be highly expressed in liver, small intestine, white preadipocytes, and brown adipose tissue [7, 8] . Hormonal regulation of hepatic ACSL5 expression was suggested by the observation that both fasting and streptozocin-induced diabetes reduced ACSL5 expression, while carbohydrate feeding increased the protein's expression [7e9] . These prior observations indicated that insulin and its downstream mediators such as the nuclear transcription factor, SREBP-1C, regulate ACSL5 expression [10, 11] . A role for SREBP1c in regulating ACSL5 expression was demonstrated when adenoviral mediated overexpression of SREBP1c in rats with streptozocin-induced diabetes rescued hepatic ACSL5 expression [9, 10] . Overexpression of ACSL5 in rat hepatoma McCardle-RH777 cells increased both fatty acid uptake and conversion of fatty acids to triacylglycerol [7] . Additionally, siRNA mediated knockdown of ACSL5 in isolated rat hepatocytes reduced triglyceride accumulation and VLDL secretion while increasing fat oxidation [12] . Furthermore, studies of rodents have demonstrated that ACSL5 is most highly expressed within jejunal enterocytes [8] , which alludes to the possibility that ACSL5 may be involved in fat absorption during the reesterification of dietary fatty acids into triglyceride. In jejunal enterocytes, triglyceride is packaged and secreted as chylomicrons that ultimately circulate in the blood. Importantly, ACSL5 was found to be present on cytoplasmic lipid droplets in jejunal enterocytes [13] . However, at the present time we have little understanding of ACSL5's role in intestinal lipid metabolism.
As a first step to elucidating the in vivo role of ACSL5 in tissue specific and systemic metabolism, our laboratory has generated mice in which ACSL5 expression is ablated in all tissues (ACSL5 À/À ). Investigations of these mice demonstrate that loss of ACSL5 expression significantly reduced total ACSL activity in liver, brown adipose tissue, and most robustly within jejunum. Intriguingly, ablation of ACSL5 resulted in increased hepatic mRNA and serum FGF21 levels in mice consuming a chow diet. Consistent with increased FGF21 expression, ACSL5 À/À mice have increased metabolic rate, reduced fat mass and serum TG, improved insulin sensitivity, and increased expression of UCP1 in white adipose tissue depots. Interestingly, triglyceride absorption studies demonstrated a role for ACSL5 in dietary fat absorption.
MATERIALS AND METHODS

Generation of ACSL5 deficient mice (ACSL5
We collaborated with Genoway (Lyon, France) to generate a line of conditional ACSL5 knockout mice. The ACSL5 gene was isolated from a C57BL6/J library and loxP sequences inserted in introns flanking exons 16 and 17 (exons nomenclature based on NM_027976.2 sequence). The ACSL5 gene construct was introduced in C57BL6/J embryonic stem (ES) cells; ES cells were selected for homologous recombination, injected into mice, and progeny were mated to generate line of mice in which the ACSL5 gene was floxed (ACSL5 cells was aided by inclusion of a FRT flanked neomycin cassette. The neomycin cassette and flanking FRT sequences were removed by mating chimeric mice to mice expressing flip recombinase. Mice were mated to a line of transgenic mice, on a congenic C57BL6J background, expressing Cre in all tissues to ultimately generate a line of ACSL5 deficient mice (ACSL5
À/À
). The Cre-mediated excision of exons 16 and 17 results in transcription of a sequence with a frame shift resulting in a premature stop codon in exon 18. To generate ACSL5 deficient mice, ACSL5 loxP/loxP mice were mated to a line of wild type (ACSL5 þ/þ ) transgenic mice (on a congenic C57BL6J background), which expressed a CMV Cre construct germline (Genoway). This transgenic mouse, generated at Genoway, was generated by injecting a CMV-Cre construct into C57BL/6 embryos which gave rise to a proprietary transgenic line which ubiquitously expressed Cre recombinase. From the progeny of these matings, mice were selected that were deficient in ACSL5 (ACSL5 À/À ) but did not express Cre; and these mice were used in subsequent matings to transmit the ablated ACSL5 allele to progeny because the transgene construct for Cre was expressed germline. Experimental male ACSL5 knockout and littermate floxed control mice were generated from heterozygous matings as described above and in the results section. Genotyping of weaned mice was confirmed by RT-PCR at sacrifice. All mice were provided ad libitum a purified standard diet from birth (2016S, Teklad). In these male mice, body weights and magnetic resonance (EchoMRI-700) fat and lean mass body composition data were monitored and repeated in two generations of male mice. At 4 months of age an insulin tolerance test (ITT) was performed (and repeated from two different generations of mice) with 0.75 units of insulin per kilogram body weight injected intraperitoneally after a 6 h morning fast, and blood obtained by tail vein at six time points for glucose measurements. Indirect calorimetry (TSE Systems) metabolic cages were utilized to evaluate oxygen consumption, carbon dioxide expenditure, and activity by infrared counts of all animal movement. Measurements were made in metabolic cages (4 mice per group average of 2 days after initial 48 h acclimation period, bedding was transferred from cages mice had using before). These studies were repeated in two separate generations of male mice. The resulting respiratory exchange ratios and energy expenditure values were calculated from these measurements.
Mice were sacrificed by carbon dioxide narcosis at w6 months of age and blood collected by cardiac puncture, tissues were dissected, weighed, and snap frozen for analysis, or were fixed, embedded in paraffin, and sectioned for histological analysis. For studies investigating the intestine, during sacrifice, the small intestine was isolated, divided into three equal-length sections on ice at the time of sacrifice in order to obtain cross-sections for histology and mucosal scrapings were obtained for RT-PCR and western blot analyses. The first proximal third of the small intestine was designated as duodenum. The second middle third of the small intestine was designated as jejunum. And the last distal third of the small intestine was designated as ileum. 
RT-PCR
Adipose tissue, brain, intestinal mucosal scrapings and spleen RNA was extracted using Qiagen Lipid Mini kits and liver RNA was isolated using Qiagen Mini kits according to manufacturer's instructions. RNA was quantified and checked for purity using the Nanodrop spectrophotometer (Nanodrop 1000, Wilmington, DE). cDNA was generated from 1 mg of RNA, and real-time quantitative PCR was performed using SYBR Green (Applied Biosystems 7300, Carlsbad, CA). Fold-changes were calculated as 2 eDDCT , with cyclophilin B used as the endogenous control. Primer sequences are listed in Table S1 .
Western blot
Protein lysates of tissues were centrifuged at 100,000 g for sixty minutes to remove neutral lipid. 25 mg of the homogenized protein lysates were solubilized and denatured by boiling five minutes in 1Â sodium dodecyl sulfate (SDS) solution with 2-mercaptoethanol, which were resolved by loading into wells of 7.5% polyacrylamide gel (Mini Protean TGX, BioRad) and run with 1Â tris-glycine-SDS buffer, transferred to nitrocellulose membrane, and blocked with 5% bovine serum albumin in tris-buffered saline with 0.2% tween. For demonstration of the presence or lack of ACSL5 protein content in Figure 2B , we generated and utilized an affinity purified rabbit polyclonal antibody directed against the peptide CDTPQKATMLVENVEKG located in the ACSL5 amino terminus (5N-1) that was diluted 1:1000, and also reprobed for normalization with 1:5000 dilution of GAPDH antibody raised in rabbit (14C10, Cell Signaling, see lower panel). The secondary antibody, donkey anti-rabbit horseradish peroxidase (GE Healthcare UK), was diluted 1:10,000 prior to 1 h membrane incubation and detected by chemiluminescence images captured with a sensitive camera (Fluorchem Q, Alpha Innotech).
2.6. Acyl CoA synthetase enzyme activity Acyl CoA synthetase enzyme activity was performed as in [17, 18] . Protein lysates of tissues were centrifuged at 100,000 g for sixty minutes to separate the membrane pellet from the cytoplasm. The cytoplasm was discarded, and the membrane pellet, which included the mitochondrial and microsomal fractions, was recovered and used to measure acyl CoA synthetase activity. We determined ACSL activity with 2e6 mg of protein, which was found to be in the linear range for enzyme activity for all three tissues. We utilized 100 mM [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] C] palmitic acid (PerkineElmer) incubated at room temperature for 10 min, 10 mM ATP, 250 mM CoA, 5 mM DTT, and 8 mM MgCl 2 in 175 mM Tris, pH 7.4; and stopped the reaction with Dole's solution. We performed two sequential washes of the organic phase from heptanewater extractions. Aqueous phase radioactivity of the resulting Acyl CoAs was measured by scintillation counter.
Blood and plasma biochemistry
Whole blood glucose measurements were made by glucometer (One Touch Ultra Blue, LifeScan, Inc). Blood plasma was obtained by cardiac puncture. The plasma supernatant of low speed centrifugation was analyzed by ELISA for mouse insulin (Ultra-sensitive mouse insulin, Crystal Chem, Inc), and by enzymatic endpoint for b-hydroxybutyrate (b-hydroxybutyrate dehydrogenase, Stanbio), and enzymatic colorimetric endpoint assay (Beckman Coulter AU400) for triglyceride (glycerol phosphate oxidase, Beckman Coulter OSR6133) and cholesterol (Aminoantipyrine/Phenol/Peroxidase, Beckman Coulter OSR6116) content. Serum and liver free fatty acids were determined using the Wako NEFA HR(2) kit from serum and liver lipid from Folch 2:1 chloroform:methanol organic layer extract dried and resuspended in 1% Triton. Liver free fatty acids were normalized to protein content of aqueous layer by bicinchoninic acid assay (Thermo Scientific Pierce).
Liver triglyceride analysis
Liver triglyceride was determined by modified Folch procedure [19e21] . Snap frozen wet liver was homogenized in 2:1 chloroform:methanol with overnight incubation and subsequent extraction with magnesium chloride; the organic layer was evaporated under nitrogen at 37 C to complete dryness and saponified by incubating with ethanolic potassium hydroxide solution at 60 C for one hour and adding magnesium sulfate. 
RESULTS
Generation of ACSL5
À/À mice and characterization of ACSL expression and activity To determine the in vivo role of ACSL5 in tissue and systemic metabolism, we generated a line of mice in which we could ablate ACSL5 expression. The ACSL5 gene was targeted with insertion of loxP sites in the introns flanking exons 16 and 17; the construct was introduced into C57BL/6J embryonic stem cells, screened for homologous recombination, and then used to generate mice homozygous for the targeted gene (ACSL5 loxP/loxP ) (See Figure 1) . Complete details of the generation of these mice including targeting vector are described in the experimental sections. To generate ACSL5 deficient mice, ACSL5 loxP/ loxP mice were mated to a line of transgenic mice that expressed Cre germline in all tissues (CMV-Cre), producing F2 and subsequent progeny (ACSL5 À/À ) with permanent ablation of ACSL5 in the absence of the CMV-Cre transgene, which was bred out of the colony. For all experiments male and female mice heterozygous for the ACSL5-deficient allele and the floxed allele (ACSL5 loxP/-) were mated to each other and from the progeny, littermate male ACSL5 loxP/loxP and ACSL5 À/À mice were identified and used for experiments.
To determine the pattern of ACSL5 tissue expression in ACSL5 loxP/loxP and ACSL5 À/À male mice consuming a chow diet [7, 8] we analyzed mRNA levels by RT-PCR. We found highest expression of Acsl5 mRNA in brown adipose tissue, liver, and in jejunal mucosa while mRNA levels of Acsl5 were difficult to detect in gonadal white adipose tissue, spleen and brain ( Figure 2A ). ACSL5 protein levels were determined by Western blot and found in ACSL5 À/À to be virtually absent in liver, brown adipose tissue and jejunal mucosa lysates ( Figure 2B ). Consistent with a previous report by Oikawa et al. which found highest levels of Acsl5 mRNA in rat jejunum [8] , we observed in control ACSL5 loxP/loxP mice highest levels of Acsl5 mRNA and protein in mouse jejunum. We next determined whether ACSL5-deficiency was associated with alterations in mRNA expression of other ACSL isoforms. In the jejunum of ACSL5 deficient mice we observed no significant changes in Acsl1, 3, or Acsl4 mRNA expression (see Table 1 ). While in brown adipose tissue of ACSL5 À/À mice, we found 42% less Acsl3 mRNA than in control mice; however similar levels of Acsl1 and Acsl4 mRNA levels compared to control mice. Finally, in liver we observed increased mRNA levels (w66%) for Acsl4 and a 50% reduction in Acsl1 mRNA levels compared to control mice. We next investigated the consequences of ACSL5 ablation on total ACSL activity in tissues where ACSL5 is highly expressed. Ablation of ACSL5 expression potently reduced ACSL activity in jejunum mucosal lysates by w80% (see Figure 2C ) consistent with ACSL5 being the predominant ACSL in jejunum [8] . While in liver and brown adipose lysates of ACSL5 À/À mice, total ACSL activity was reduced by w50% and w37% respectively (see Figure 2C ). In summary, these data confirm the generation of an ACSL5 deficient mouse and that ACSL5 expression contributes significantly to total ACSL activity in liver, brown adipose tissue, and jejunum.
ACSL5
À/À mice have reduced fat mass and improved insulinglucose homeostasis We determined both the body weights and body composition of both ACSL5 À/À and ACSL5 loxP/loxP mice over time (Figure 3) . The body weights of male ACSL5 loxP/loxP and ACSL5 À/À mice did not differ as they aged, however MRI analysis of body composition demonstrated that starting at 4 months of age ACSL5 À/À mice had significantly less total fat mass (w65% less at 4 months of age, w71% less at 6 months) as compared to ACSL5 loxP/loxP littermates ( Figure 3 , Table 2 ). In contrast to this lower fat mass by 6 months of age, ACSL5 À/À were found to have a slight but significantly greater lean mass than ACSL5 loxP/loxP mice. At sacrifice, consistent with the MRI results, weights of both subcutaneous and gonadal fat tissues (Table 2) were significantly less in male ACSL5
À/À mice. The liver weights of ACSL5 À/À mice were also lower as compared to ACSL5 loxP/loxP mice, but liver triglyceride content did not differ between the two lines of mice (Table 2 ). Serum levels of triglyceride, but not serum b-hydroxybutyrate or free fatty acid levels were significantly lower in ACSL5 À/À mice compared to control mice. While fasting insulin levels did not differ between the two lines of mice, fasting blood glucose was 37% lower in ACSL5 À/À mice as compared to littermate ACSL5 loxP/loxP mice ( Table 2) . To better quantitate insulin sensitivity, insulin tolerance tests (ITT) were performed and demonstrated improved insulin sensitivity in ACSL5 deficient mice ( Figure 3B ). Since fasting blood glucose was lower in ACSL5 À/À mice, we also analyzed the ITT data by normalizing the zero time glucose in both groups to 100%; and confirmed that with this approach as well that the area under the curve (AUC) was significantly lower ( Figure 3C ). Thus, ACSL5 À/À mice have both lower fasting blood glucose and improved insulin tolerance as compared to mice expressing ACSL5.
Increased energy expenditure in ACSL5
À/À mice Both lines of mice consumed equivalent amounts of food (data not shown) indicating that food intake could not explain the differences in body composition. To determine if alterations in energy expenditure contributed to the differences in body composition we performed studies using indirect calorimetry. We observed that ACSL5 À/À mice had significantly greater energy expenditure as compared to ACSL5 loxP/loxP mice ( Figure 4A ). ACSL5 À/À mice were also found to have a significantly higher respiratory exchange ratio (RER, Figure 4B ) particularly during the early nighttime and early morning. An increase in RER is consistent with increased metabolism and utilization of carbohydrates. Despite the higher energy expenditure, male ACSL5 À/À knockout mice and ACSL5 loxP/loxP control mice were found to have equivalent activity levels ( Figure 4C ). In summary we observed that ACSL5 À/À mice, as compared to ACSL5 loxP/loxP mice, had increased energy expenditure; and by RER measurements these mice have increased utilization of glucose. Both parameters likely contribute to the improved metabolic profile of ACSL5 deficient mice.
ACSL5
À/À mice have increased hepatic mRNA expression and serum levels of FGF21 and beige adipocyte formation To determine a potential mechanistic basis for the phenotypic differences in the two lines of mice we analyzed the expression of several candidate genes. RT-PCR analysis of liver samples from ACSL5 À/À mice revealed significant reductions in mRNA levels of two lipogenic genes, Srebp1c and Scd1 as well as the nuclear transcription factor Ppara ( Figure 5, top panel) . Importantly, the level of fibroblast growth factor 21 (FGF21) mRNA was significantly increased in ACSL5 À/À mice as compared to ACSL5 loxP/loxP mice ( Figure 5 , top panel). FGF21 produced in the liver can be secreted resulting in increased circulating levels of FGF21 [22] . We found that circulating levels of FGF21 were potently increased in ACSL5 À/À sera (7317 AE 842.5 ng/ml in ACSL5 À/À vs. 550.8 AE 146.2 ng/ml in ACSL5 loxP/loxP ), a more than 13-fold increase of FGF21 in ACSL5 À/À mice (vs. ACSL5 loxP/loxP , p < 0.0001). As we noted in an earlier section, ablation of ACSL5 in liver resulted in increased Acsl4 and reduced Acsl1 mRNA expression (see Table 1 ), but the significance of these changes to the phenotype of the ACSL5 deficient mice is unclear. Increased hepatic production and secretion of FGF21 has been linked to increased conversion of white adipocytes to beige adipocytes [22e 24]. To confirm the conversion to beige adipocytes we performed RT-PCR analysis of gene expression in gonadal adipose tissue. Consistent with prior known actions of FGF21 we demonstrated increased mRNA levels of Ucp1, Dio2, Pgc1a and Atgl ( Figure 5 ). FGF21 expression has also been reported to increase adiponectin expression, which, however, we did not observe [4, 25] . In response to ACSL5 ablation in white adipose tissue, we observed increased levels of Acsl1 mRNA (1.64 AE 0.28 fold increased (p < 0.05) in ACSL5 À/À vs. ACSL5 loxP/ loxP ), which has been suggested to promote fat oxidation in adipocytes [5] , as well as increased levels of Acsl3 (2.03 AE 0.44 fold increased (p < 0.05) in ACSL5 À/À vs. ACSL5
loxP/loxP
). Our analysis of gene expression in brown adipose tissue demonstrated significantly increased Dio2 mRNA levels in ACSL5 deficient mice, but no changes in Ucp1, Ucp2, and reduced Ppara transcript levels ( Figure 5 ). As noted in Table 1 , we noted no significant changes in any other ACSL isoforms in brown adipose tissue. In summary, both hepatic mRNA and circulating levels of FGF21 were significantly increased in ACSL5 deficient mice in association with increased white adipose tissue expression of UCP1 and oxidative genes. analyzed for body weight, lean and fat mass measured using magnetic resonance at 6 months of age. The mice were sacrificed after a three hour morning fast and their liver and fat depots were resected (weights shown). Whole blood glucose measurements (by glucometer) are shown and blood plasma obtained by cardiac puncture was analyzed for insulin, â-hydroxybutyrate, free fatty acids and triglyceride (see Methods). Liver free fatty acids and triglyceride were determined as described in methods. Data are presented as means AE SEM of 5e7 mice, *p < 0. 3.5. ACSL5 À/À mice have altered kinetics of absorption of oral fat ACSL5 is highly expressed in jejunum enterocytes [8] , the cells critical for absorption and repackaging of fatty acids into triglycerides and chylomicrons for export ultimately to the circulation. We previously noted that ACSL5 ablation did not result in altered expression of other ACSL isoforms in the jejunal mucosa (see Table 1 ). Since we noted that ablation of ACSL5 reduced total ACSL activity in jejunal lysates by w80% we investigated whether ACSL5 regulated the kinetics of fat absorption. For these studies, ACSL5 À/À and ACSL5 loxP/loxP mice were fasted for four hours, tyloxapol was injected to block peripheral lipoprotein lipase activity and then, mice were gavaged with an olive oil bolus. Blood was collected and the increase in serum triglyceride was then monitored over time [26] . We observed that in ACSL5 À/À mice as compared to ACSL5 loxP/loxP mice, the rate of increase in serum triglyceride after the oil bolus was reduced ( Figure 6B ). The altered absorption of serum triglyceride was not due to any differences in mRNA levels of Fiaf, Scd1, Dgat1, Dgat2, Mgat, or lipid droplet protein Plin2 ( Figure 6A) . However, unexpectedly, we did note an increase in Acot1 and Hmgcs2 (by more than 7-fold) which are both regulated by activation of PPARa [27, 28] . HMGCS2 regulates ketone body formation but we noted no increase in serum b-hydroxybutyrate (Table 1) . Likely the lack of increase in serum ketones was because Hmgcs2 production in liver was not significantly different ( Figure 5 ).
DISCUSSION
We now demonstrate in a newly generated line of ACSL5 deficient mice that the in vivo consequences of ACSL ablation are reduced adiposity, circulating triglyceride and glucose levels, as well as increased insulin sensitivity, energy expenditure, and reduced rate of intestinal triglyceride absorption. Remarkably, we observed potent increases in hepatic mRNA expression and circulating serum levels of FGF21, The increased circulating level of FGF21 was associated with the increased mRNA levels of Ucp1, consistent with effects of FGF21 to promote conversion of white to beige adipocytes, leading to increased rates of energy expenditure. The increased FGF21 levels may also explain the reduced serum blood glucose levels, since FGF21 has been noted to increase glucose uptake in brown adipose tissue [29] . Consistent with prior published studies, we also found that increased FGF21 levels resulted in reduced levels of serum triglycerides [29] . In addition to the phenotypic consequences of ACSL5 ablation we demonstrated significantly reduced total ACSL activity in liver, brown adipose tissue, and jejunum. ACSL5 is most highly expressed with intestinal mucosa and accounts for w80% of total ACSL activity. To further investigate the role of ACSL5 in the intestine we performed an oral fat challenge study and noted that in ACSL5 deficient mice the rate of appearance of serum triglycerides was reduced as compared to control floxed mice. Our studies demonstrate that ACSL5 expression is an important regulator of metabolism and ACSL activity in several tissues and has significant effects on systemic metabolism.
Previous in vitro studies in hepatocytes have suggested that ACSL5 has a role in the accumulation and esterification of fatty acids into triglyceride. In one study using the McArdle cell line hepatocytes, ACSL5 was overexpressed incubated with exogenous fatty acids, fatty acid uptake as well as triglyceride accumulation were increased [7] . Of relevance, we observed that knockdown of ACSL5 expression in cultured rodent hepatocytes reduced rates of de novo lipogenesis, promoted fatty acid oxidation, and reduced triglyceride accumulation and secretion without evidence of PPARa activation [30] . In our present studies we fed mice a chow diet and noted no differences in serum or liver free fatty acids or liver triglyceride accumulation between the two lines of mice. Interestingly, in our studies on ACSL5 deficient mice, we observed that when ACSL5 expression is ablated in mice that both hepatic Fgf21 mRNA expression and circulating levels of FGF21 were increased. In prior studies of the effects of ACSL5 knockdown in rodent hepatocytes, FGF21 expression was not investigated. Similar to studies investigating ACSL5 knockdown in isolated rat hepatocytes, we did not observe increased expression of hepatic genes downstream of the transcription factor, PPARa (for example, Acot1 in Figure 5 , top panel) [31] , suggesting that the transcription factor, PPARa, was not activated. The initial studies identifying FGF21 demonstrated that it was a target of PPARa activation in liver [32, 33] . At the present time the underlying mechanisms for the observed increase in FGF21 in ACSL5 deficient mice is not clear from the present studies. Future studies investigating the effects of tissue specific ablation of ACSL5 including hepatic ACSL5 ablation will focus on the causes for the increase in FGF21 levels.
In our present studies we noted that ACSL5 contributed significantly to the total ACSL activity in brown adipose tissue. Previous studies have demonstrated that ACSL5 is the predominant ACSL isoform in mitochondria of brown adipocytes [34] and that cold exposure significantly increased ACSL5 expression within mitochondria of brown adipocytes [34, 35] . While ablation of ACSL5 reduced brown adipose total ACSL activity by approximately 37%, we noted an increase in Dio2 mRNA but no increase in Ucp1, and a reduction in Ppara mRNA transcript levels. Since UCP1 expression was not changed in brown adipose tissue of ACSL5 deficient mice it is likely that the increased UCP1 in white adipocytes consistent with beiging of white adipose tissue contributes more to the observed increases in energy expenditure and reduced body fat content. We observed that ACSL5 was most highly expressed in the jejunum [8] and that ablation of ACSL5 within jejunal mucosa reduced total ACSL activity by approximately 80%. Since ACSL activity is required in jejunum enterocytes for the reesterification of fatty acids into triglycerides, which are packaged and then exported as chylomicrons into the circulation, we challenged our lines of mice with an olive oil gavage and then measured serum triglycerides over time. In ACSL5 deficient mice we demonstrated that the rates of triglyceride appearance after the fat challenge were reduced. These studies suggest that ACSL5 expression within jejunal mucosa has a critical role in the absorption of fat. In future studies we will generate mice in which ACSL5 is specifically ablated within enterocytes to specifically determine the role of ACSL5 in the regulation of fatty acid absorption and the effect of intestinal ACSL5 ablation on systemic body composition and metabolism. Previously another group generated mice in which exons 15e17 of ACSL5 were ablated to yield ACSL5 deficient mice [36] . However, while this group observed reductions in intestinal ACSL activity (60% vs. our 80% reduction), the researchers observed no alterations in rates of triglyceride appearance, body fat, and ACSL activity within the liver. It is quite possible that differing genetic backgrounds might explain some of the observed phenotypic differences as our mice were on a pure C57BL6J background while the other mice were on a mixed C57BL6J/129sJ background. In our ACSL5 deficient mice we observed reduced total ACSL activity in liver extracts consistent with previous published studies showing that siRNA knockdown of ACSL5 in isolated hepatocytes significantly reduced total ACSL activity [12] . In the other paper describing ACSL5 deficient mice the authors did not report the expression of all of the other ACSL isoforms in their mouse livers, thus, another ACSL isoform may have compensated for any reductions in ACSL activity. Also, some of our studies differed in certain experimental approaches. For example, for our oral fat challenge we gavaged 200 ml of olive oil and measured triglyceride appearance over four hours. In contrast, in the prior publication, the group gavaged with 50 ml of olive oil and measured triglyceride appearance over only 90 min. We have observed that an oral gavage of 50 ml olive oil results in minimal triglyceride storage in lipid droplets in enterocytes [16] . Therefore if the function of ACSL5 relates to its localization on lipid droplets, a phenotype may not be observed in the deficiency of lipid droplets. Thus perhaps an olive oil bolus of 50 ml may not be of sufficient magnitude to delineate differences in rates of triglyceride appearance. The difference between a 50 ml and 200 ml olive oil bolus is similar to differences between a low fat or high fat diet typically fed to mice. It is possible that the role of ACSL5 in fat absorption varies between these two very different physiological conditions of a smaller olive oil bolus with shorter-term measurements or larger olive oil bolus with longerterm triglyceride serum measurements.
CONCLUSIONS
In summary, we now demonstrate that ablation of ACSL5 results in reduced adiposity, increased energy expenditure and circulating serum levels of FGF21, increased numbers of beige adipocytes and reduced rates of triglyceride absorption. Importantly, we demonstrate that ACSL5 contributes significantly to total ACSL activity within several tissues including brown adipose tissue, liver, and jejunal mucosa. Building upon these observations, future studies using tissue-specific knockout of ACSL5 are warranted to further define its local contribution to changes in energy metabolism.
